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FOREWORD

The achievement of National goals for energy conservation and environmental protection will
rely on technology more advanced than we have at our disposal today. Combustion at present
accounts for 85% of the energy generated and used in the U.S. and is likely to remain a dominant
source of energy for the coming decades. Achieving energy conservation while minimizing
unwanted emissions from combustion processes could be greatly accelerated if accurate and
reliable means were at hand for quantitatively predicting process performance.

The reports appearing in this volume present work in progress in basic research contributing to
the development of a predictive capability for combustion processes. Most of the work reported
herein is supported by the Department of Energy's Office of Basic Energy Sciences (BES) and a
large fraction by the chemical physics program. The long-term objective of this effort is the
provision of theories, data, and procedures to allow the development of reliable computational
models of combustion processes, systems, and devices

The development of reliable models for combustion requires the accurate characterization of
turbulent flow, chemistry, and the interaction between the two. In contributing to this end, BES
supports basic research to meet a variety of needs.

> For even the simplest fuels, the chemistry of combustion consists of hundreds of reactions.
Key reaction mechanisms, the means for characterizing these mechanisms and the means for
determining which of the constituent reaction rates are critical for accurate characterization

are all required.

» For reactions known to be important, accurate rates over wide ranges of temperature, pressure
and composition are required. To assess the accuracy of measured reaction rates or to predict
rates that would be too difficult to measure, theories of reaction rates and means for
calculating their values either from first principles or semiempirically from known
thermodynamic properties are needed.

> Energy flow and accounting must be accurately characterized and predicted.

» Methods for reducing the mathematical complexity inherent in hundreds of reactions, without
sacrificing accuracy and reliability are required. Methods for reducing the computational
complexity of computer models that attempt to address turbulence, chemistry, and their
interdependence and also needed.

Although the emphasis in this list is on the development of mathematical models for simulating
the gas phase reactions characteristic of combustion, such models, from the chemical dynamics
of a single molecule to the performance of a combustion device, have value only when
confirmed by experiment. Hence, the DOE program represented by reports in this volume
supports the development and application of new experimental tools in chemical dynamics,
kinetics, and spectroscopy.

The success of this research effort will not be measured by the quality of the research performed
or the profundity of the knowledge gained, as critical as these may be. Rather it will be
measured primarily by the degree to which it contributes to goals of resource conservation and

i



environmental stewardship. The basic research community has therefore a responsibility to be
continuously attuned to the usefulness of the knowledge it creates and to optimize that usefulness
wherever possible. Computational models of physical processes provide a most efficient means
for ensuring the usefulness and use of basic theories and data. Although the combustion
modeling and simulation initiative in the FY 2000 Department of Energy budget failed in the end
to gain the support of the Congress, it is still widely recognized that modeling and simulation
will play an increasing role in modern technology development. This year the budget request
from the Department of Energy contains a request for additional resources for computational
chemistry though at a level much reduced from last year’s request.

The usefulness of the basic research programs of the Department can also benefit from closer
collaboration with the technology research programs of the Department to the enrichment of
both. In recognition of such benefit, this year’s meeting includes presentations describing work
supported by the Coal Utilization Sciences program of the Department of Energy’s Office of
Fossil Energy.

During the past year, the Chemical Physics program has continued to benefit from the
involvement of Dr. Eric Rohlfing, program manager for the Atomic, Molecular and Optical
Physics program, and Dr. Allan Laufer, team leader for the fundamental interactions programs,
both of the Chemical Sciences, Biosciences, and Geosciences Division, and their contributions
are hereby gratefully acknowledged. The efforts of Leila Gosslee and Kristy Duncan of the Oak
Ridge Institute for Science Education in the arrangements for the meeting are also much
appreciated.

William H. Kirchhoff
Fundamental Interactions Team
Chemical Sciences, Geosciences and Biosciences Division

Office of Basic Energy Sciences
e-mail: william kirchhoff@science.doe.gov

May 30, 2000
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Agenda
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3:00 pm Registration
6:00 pm Dinner
7:30 pm Welcoming Remarks

7:45 pm Invited Lecture

Computational chemistry: not theory, not experiment. Is it science?

: Dr. Karl Irikura
Physical and Chemical Properties Division
National Institute of Standards and Technology

Abstract. Throughout the R&D community, modeling and simulation are increasingly attractive
economically, and are correspondingly important. This is especially evident in chemistry, where
it has become unusual to find purely experimental papers in many of the pedigreed journals. A
new type of scientist has emerged, who neither develops new theories of nature nor observes
natural phenomena: the computational scientist. I will present some opinions about the apparent
trichotomy of theory, experiment, and computation. The maturing role of computational
chemistry will be illustrated using three recent technical projects in the areas of molecular
spectroscopy, physical chemistry, and organic chemistry.

9:00 pm ' Reception

1ii



Wednesday, May 31

Morning Session

Special Session on Coal Utilization Sciences Research

"Overview of Coal Utilization Sciences (CUS) supported Research," Philip M.
Goldberg, National Energy Technology Laboratory

"Thermodynamic Rules for the Self-Organization ofCarbon Materials," Robert
Hurt, Brown University

"Mechanisms of Coal Combustion," Christopher M. Hadad, Ohio State University

"Atomic-Level Imaging of CO) Disposal as a Carbonate Mineral: Optimizing
Reaction Process Design," M.J. McKelvy, Arizona State University

"Atomic Level Modeling of CO? Disposal as a Carbonate Mineral: A Synergetic
Approach to Optimizing Reaction Process Design," A.V.G. Chizmeshya, Arizona

State University

9:30 am "Elementary Reaction Rate Measurements at High Temperatures by Tunable-
Laser Flash-Absorption," Jan P. Hessler, Argonne National Laboratory

10:00 am Break

10:15 am "Chemical Kinetic Data Base for Combustion Modeling,” Wing Tsang, National
Institute of Standards and Technology

10:45 am "Mechanism and Detailed Modeling of Soot Formation," Michael Frenklach,
Lawrence Berkeley National Laboratory

11:15 am "Very High Pressure Single Pulse Shock Tube Studies of Aromatic Species,"
Kenneth Brezinsky, University of Illinois at Chicago

11:45 am "Kinetics of Elementary Processes Relevant to Incipient Soot Formation" M.C.
Lin, Emory University ‘

12:15 pm Lunch

5:00 pm Dinner

v



6:15 pm

6:45 pm

7:15 pm

7:45 pm

8:15 pm

8:30 pm

9:00 pm

9:30 pm

10:00 pm

Wednesday, May 31

Evening Session
Joe V. Michael, Chair

"Kinetics of Combustion-Related Processes at High Temperatures," J.H.
Kiefer, University of Illinois at Chicago

"Probing Flame Chemistry with MBMS, Theory, and Modeling, " Phillip R.
Westmoreland, University of Massachusetts

"Comprehensive Mechanisms for Combustion Chemistry: Experiment,
Modeling, and Sensitivity Analysis," Frederick L. Dryer, Princeton University

"Gas-Phase Molecular Dynamics: Studies of the CH3+0O Radical-Radical
Reaction," Jack M. Preses and Christopher Fockenberg, Brookhaven National

Laboratory

Break

"Time-Resolved Infrared Absorption Studies of the Dynamics of Radical
Reactions," R.G. Macdonald, Argonne National Laboratory

"Spectroscopy and Kinetics of Combustion Gases at High Temperatures,"
Ronald K. Hanson and Craig T. Bowman, Stanford University

"Infrared Absorption Spectroscopy and Chemical Kinetics of Free Radicals,"
Robert F. Curl, Jr. and Graham P. Glass, Rice University

Social




8:00 am
8:30 am
9:00 am
.9:30 am

10:00 am

10:15 am
10:45 am
11:15 am
11:45 am

12:15 pm

Thursday, June 1
Morning Session

James Muckerman, Chair

"Chemical Accuracy From Ab Initio Molecular Orbital Calculations,” Martin
Head-Gordon, Lawrence Berkeley Laboratory

"Theoretical Studies of Molecular. Systems," William A. Lester, Jr., Lawrence
Berkeley Laboratory

“Electronic Structure Studies of Pyrolytic Reactions of Hydrocarbons and Their
Chloro Derivatives," J. Cioslowski and D. Moncrieff, Florida State University

"Studies in Chemical Dynamics," Herschel Rabitz and Tak-San Ho, Princeton
University

Break

"Reactions of Atoms and Radicals in Pulsed Molecular Beams, " Hannah Reisler,
University of Southern California

"Photodissociation of Free Radicals and Hydrocarbons,” Daniel M. Neumark,
Lawrence Berkeley Laboratory

"Universal Imaging Studies of Chemical Reaction Dynamics,"” Arthur G. Suits,
Lawrence Berkeley Laboratory

"Chemical Dynamics and Spectroscopy at the Chemical Dynamics Beamline of
the ALS,"” Tomas Baer, University of North Carolina

Lunch

vi



4:00 pm

4:30 pm

5:00 pm

5:30 pm

5:45 pm

6:15 pm

6:45 pm

7:15 pm

8:00 pm

Thursday, June 1

Afternoon Session

Laurie J. Butler, Chair

"Energy Partitioning in Elementary Chemical Reactions," Richard Bersohn,
Columbia University

"Theoretical Studies of the Dyhamicsof Chemical Reactions," Albert F. Wagner,
Argonne National Laboratory

"Theoretical Modeling of the Kinetics of Barrierless Reactions," Stephen J.
Klippenstein, Case Western Reserve University

Break

"lonization Probes of Molecular Structure And Chemistry," Philip M. Johnson,
State University of New York at Stony Brook

"Energy-T ransfer Studies Using Tunable Picosecond Lasers,"” R.L. Farrow,
D.A.V. Kliner, Fabio Di Teodoro, and Thomas A. Reichardt, Sandia National

Laboratories

"Flame Chemistry and Diagnostics,” Andrew Mcllroy, Sandia National
Laboratories

"Crossed-Molecular-Beam Ion Imaging Experiments," David W. Chandler,
Sandia National Laboratories

Dinner

Vil



8:00 am

8:30'am

9:00 am

9:30 am

10:00 am

10:15 am

10:45 am

11:15 am

11:45 am

Friday, June 2

Morning Session

George Flynn, Chair

"Laser Photoelectron Spectroscopy of lons,” G. Barney Ellison, University of
Colorado

"Product Imaging of Combustion Dynamics,” P. L. Houston, Cornell University

"Independent Generation and Study of Key Radicals in Hydrocarbon
Combustion ," Barry K. Carpenter and Pamela A. Arnold, Cornell University

"Single-Collision Studies of Energy Transfer and Chemical Reaction,” James J.
Valentini, Columbia University

Break

"Highly Vibrationally Excited Molecules: Energy Transfer and Transient
Species Vibrational Spectroscopy Through Time-Resolved IR Emission, " Hai-
Lung Dai, University of Pennsylvania

"Dynamical Analysis of Highly Excited Molecular Spectra,” Michael E.
Kellman, University of Oregon

"Vibrational State Control of Photodissociation," F.F. Crim, University of
Wisconsin

Closing Remarks

il



Table of Contents

William T. Ashurst and Alan R. Kerstein

Analysis of Turbulent Reacting Flow....................... 1
Tomas Baer

Modeling Unimolecular Reaction Dynamics of

Moderate Sized lonic Systems.................cc.c..cc...... 5

Robert S. Barlow )
Turbulence-Chemistry Interactions in Reacting

Richard Bersohn
Energy Partitioning in Elementary Chemical
REACHONS ..ottt s 13

Joel M. Bowman .
Theoretical Studies of Combustion Dynamics........ 17

Kenneth Brezinsky
Very High Pressure Single Pulse Shock Tube
Studies of Aromatic SPecCies...........ccccevvrevcnrrren. 21

Nancy J. Brown
Combustion CREMISHY ..........ccoccvivnivciiniicis 25

Laurie J. Butler
Dynamics of Radical Combustion Intermediates:
Product Branching and Photolytic Generation........ 29

Barry K. Carpenter and Pamela A. Arnold
Independent Generation and Study of Key
Radicals in Hydrocarbon Combustion ................... 33

David W. Chandler
Crossed-Molecular-Beam lon Imaging
EXPeriments ......co.coooveiiieieie e 37

Jacqueline H. Chen and Hong G. Im
Direct Numerical Simulation and Modeling of
Turbulent COMbBUSHON ........c...ccecoeenrcveeeiiiieaeaiiene. 41

Robert K. Cheng and Lawrence Talbot
Turbulent Combustion .............cccceeveveeevcerinvirnnennnen. 45

A.V.G. Chizmeshya and M.J. McKelvy
Atomic Level Modeling of CO, Disposal as a
Carbonate Mineral: A Synergetic Approach to
Optimizing Reaction Process Design.................... 49

J. Cioslowski and D. Moncrieff
Electronic Structure Studies of Pyrolytic
Reactions of Hydrocarbons and Their Chioro
Derivatives.............ccoecveieeeiieinnccecs e 50

Robert E. Continetti and Hans-Jiirgen Deyerl
Half-Collision Dynamics of Elementary
Combustion Reactions.........c..cc.cccccoccoiieniicvanccnnn. 54

F.F. Crim
Vibrational State Control of Photodissociation........ 58

Robert F. Curl, Jr. and Graham P. Glass
Infrared Absorption Spectroscopy and Chemical
Kinetics of Free Radicals ..............c.cccocvvcvvnnninnn. 62

ix

Hai-Lung Dai
Highly Vibrationally Excited Molecules: Energy
Transfer and Transient Species Vibrational
Spectroscopy Through Time-Resolved IR
EMISSION ..ottt 66

Michael J. Davis
Geometric Approach to Multiple-Time-Scale
KINBHCS ... iiee e et e 70

Frederick L. Dryer
Comprehensive Mechanisms for Combustion
Chemistry: Experiment, Modeling, and

Sensitivity Analysis ............ccoovvevveeeeieireciiecieeene. 74
G. Barney Ellisonmv .

Laser Photoelectron Spectroscopy of lons............. 78
Kent M. Ervin

Thermochemistry of Hydrocarbon Radicals:

Guided lon Beam Studies .........cco.ccocceecvcceninniennnens 82

James M. Farrar
Low Energy lon-Molecule Reactions...................... 86

R.L. Farrow, D.A.V. Kliner, Fabio Di Teodoro, and
Thomas A. Reichardt
Energy-Transfer Studies Using Tunable )
PicoSecond Lasers...........ccovveveveeeeeeerecciieeenieiininnn 89

Robert W. Field and Robert J. Silbey
Spectroscopic and Dynamical Studies of Highly
Energized Small Polyatomic Molecules................. 93

George Flynn
Laser Studies of Chemical Reaction and
Collision ProCesSes.............coveeeeeeeeeeeecineaeeaaannn. 97

Johnathan H. Frank and Phillip H. Paul
Quantitative Imaging Diagnostics for Reacting
FIOWS ..ot sevseevsesa e re s s s esnsrsses 101

Michael Frenklach
Mechanism and Detailed Modeling of Soot
FOIMBLION......cccvieveanieeeieieere e oo 105
Edward R. Grant
Multiresonant Spectroscopy and the High-
Resolution Threshold Photoionization of
Combustion Free Radicals.............cccceecvvvvannnn... 109

Stephen K. Gray
Chemical Dynamics in the Gas Phase:
Quantum Mechanics of Chemical Reactions........ 113

Witliam H. Green, Jr
Computer-Aided Construction of Chemical
Kinetic MOQBIS ..........ccccooeevivvieeieereicveeceneein, 116

Christopher M. Hadad
Mechanisms of Coal Combustion......................... 120

Ronald K. Hanson and Craig T. Bowman
Spectroscopy and Kinetics of Combustion
Gases at High Temperatures .............ccccouen....... 122



Lawrence B. Harding
Theoretical Studies of Potential Energy

SUITACES ...t e e 126
Carl Hayden

Femtosecond Laser Studies of Ultrafast

Intramolecular ProCeSSes ...........ccceeeecrvcrenccevneennns 130

Martin Head-Gordon
Chemical Accuracy From Ab Initio Molecular
Orbital Calculations................ccocovveeeeecceerenineeenn. 134

John F. Hershberger
Infrared Laser Studies of the Combustion
Chemistry of Nitrogen .............ccccceevvrecveeenneceane. 138

Jan P. Hessler
Elementary Reaction Rate Measurements at
High Temperatures by Tunable-Laser Flash-
ADBSOMDHON ....ccovvvaiaaciireiirccriivrecicniierecivccnanas 142

P. L. Houston
Product Imaging of Combustion Dynamics .......... 146

J. B. Howard
Aromatics Oxidation and Soot Formation in

Robert Hurt .
Thermodynamic Rules for the Self-Organization
of Carbon Materials ..............eeeeeeeeveenvenveirinnveeeenenn 154

Philip M. Johnson
lonization Probes of Molecular Structure and
CREMUSHY ...t 155

Michael E. Kellman
Dynamical Analysis of Highly Excited Molecular
SPOCIA.....ccciiveeieeeeci vt reeen 159

R.D. Kern, Jr., H.J. Singh and Q. Zhang
Shock Tube Studies of Thermal
Decompositions of Fuels and Their Relevance

to the Soot Formation Process.............cc.......c...... 163
J.H. Kiefer

Kinetics of Combustion-Related Processes at

High Temperatures...........c.cccevecvvviieneneorceenne e 167

Stephen J. Klippenstein’
Theoretical Modeling of the Kinetics of
Barrierless Reactions...........ccccccevvveveecinc e, 171

Stephen R. Leone
Time-Resolved FTIR Emission Studies of Laser
Photofragmentation and Radical Reactions ......... 175

Marsha |. Lester
Intermolecular Interactions of Hydroxyl Radicals
and Oxygen Atoms on Reactive Potential

Energy Surfaces........c.c.ccveeveecenneneeeenieneeiieernes 179
William A. Lester, Jr.

Theoretical Studies of Molecular Systems ........... 183
John C. Light

Quantum Dynamics of Fast Chemical Reactions . 186

M.C. Lin
Kinetics of Elementary Processes Relevant to
Incipient Soot FOMGtON ...........ccccccoveevveeieneenc.n, 190

Robert P. Lucht
Investigation of Polarization Spectroscopy and
Degenerate Four-Wave Mixing for Quantitative
Concentration Measurements ................ccccceeenn. 194

R.G. Macdonald
Time-Resolved Infrared Absorption Studies of

the Dynamics of Radical Reactions...................... 198
Andrew Mcliroy
Flame Chemistry and Diagnostics........................ 202

M.J. McKelvy, R.W. Carpenter and R. Sharma
Atomic-Level Imaging of CO, Disposal as a
Carbonate Mineral: Optimizing Reaction

Process DesSign............coocovveeoreeririncriesiieesarenenne 206
Joe V. Michael

Flash Photolysis-Shock Tube Studies................... 207
William H. Miller

Reaction Dynamics in Polyatomic Molecular

SYSIBMS ...t eteec et 211

James A. Miller
Chemical Kinetics and Combustion Modeling....... 215

C. Bradley Moore
Selective Photochemistry..........cccccovveeeeceaeenn.n. 219

James T. Muckerman, Trevor J. Sears, and
Gregory E. Hall
Gas-Phase Molecular Dynamics: Experimental
and Theoretical Studies of Spectroscopy and

Dynamics.........ccoovvmveiieeeniieeee e 222
Habib Najm .

Reacting Flow Modeling with Detailed Chemical

KinetiCS ......ccoveeieiciaiins ettt 226

Daniel Neumark
Photodissociation of Free Radicals and

Hydrocarbons ......c...ccoocccivieiinieiiiiiiiiinee e 230
C.Y.Ng

Photoionization and Photoelectron Studies of
© Combustion SPECI@S..............cccoevveeveeeereieaenen. 234

David L. Osborn
Kinetics and Mechanisms of Combustion
CREITHSHY ..ot ee e e 238

David S. Perry
The Effect of Large Amplitude Motion on
Spectroscopy and Energy Redistribution in
Vibrationally Excited Methanol ...............c.cc........ 242

Robert W. Pitz, Michael C. Drake, Todd D.
Fansler, and Volker Sick
Partially-Premixed Flames in intemal
Combustion ENQINES..........c.cccoveveeeeeecensemsiiinaaaeene 246

Stephen B. Pape
Investigation of Non-Premixed Turbulent
COMBUSEION. .....cocvvrereiriricianeeceireen e 250



S.T. Pratt
Optical Probes of Atomic and Molecular Decay
PrOCESSOS...oeeieeeeeeeeeeeaeeeeitresasaarsiraerenenanae 254

Jack M. Preses and Christopher Fockenberg
Gas-Phase Molecular Dynamics: Studies of the
CH3+0 Radical-Radical Reaction......................... 258

Herschel Rabitz and Tak-San Ho
Studies in Chemical Dynamics..............c..cc.c....... 262

Hannah Reisler
Reactions of Atoms and Radicals in Pulsed
Molecular Beams..........cccccoocveivieeiiiveiieeeeicneneae 266

Branko Ruscic
Photoionization Studies of Transient and
Metastable Species ...........cccccovvvvuvvcvenccreanncnne. 270

Henry F. Schaefer 1l
Research on Free Radical Reactions................... 274

George C. Schatz
Theoretical Studies of Reaction Dynamics and
Energy Transfer.............cccoocveviiieiciceieiseenae 277

Ron Shepard
Theoretical Studies of Potential Energy
Surfaces and Computational Methods .................. 280

M.D. Smooke and M.B. Long
Computational and Experimental Study of
Laminar FIames...........cccoevveeecieniivireeeeeen e 283

Arthur G. Suits
Universal/lmaging Studies of Chemical
Reaction Dynamics...........c.cccceeevueeeecvveereneenaaaen 287

Craig A. Taatjes
Elementary Reaction Kinetics of Combustion
SPECIES ..o 291

Howard S. Taylor
A Scaling Theory for the Assignment of Spectra

in the Irregular REGION ..........cccccevveviivierreerericenn, 295
Donald G. Truhlar

VariationalTransition State Theory....................... 298
Wing Tsang

Chemical Kinetic Data Base for Combustion

Modeling........cccccvieviiiiiiiiiiiiee e 302

James J. Valentini
Single-Collision Studies of Energy Transfer and
Chemical Reaction...............ccccuevveiiviureescnieannnn, 306

Albert F. Wagner
Theoretical Studies of the Dynamics of
Chemical Reactions.............cccccceeevecrveecreenveeennnn, 310

James C. Weisshaar
Electronic Spectroscopy of Jet-cooled
Combustion Radicals............cccooviiviiicecrencnrcnn, 314

Charles K. Westbrook and William J. Pitz
Kinetic Modeling of Combustion Chemistry .......... 317

xi

Phillip R. Westmoreland
Probing Flame Chemistry with MBMS, Theory,
ANA MOAEIING ....cooeveieeeieeieeeeeee e

David R. Yarkony
Investigations of the Reactions and
Spectroscopy of Radical Species Relevant to
Combustion Reactions and Diagnostics................

Timothy S. Zwier
Laser Studies of the Chemistry and
Spectroscopy of Excited State Hydrocarbons.......

Klaus Ruedenberg .
Electronic Structure, Molecular Bonding and
Potential Energy Surfaces..........cccccoevvivncnenne.

Curt Wittig
Reactions of Small Molecular Systems ............

Conference Participants.........................c..coovenen.

AuthorindeXx..............oooooeieiiiii



Abstracts




Analysis of Turbulent Reacting Flow

William T. Ashurst and Alan R. Kerstein
Combustion Research Facility -
Sandia National Laboratories

Livermore, CA 94551-0969
Email: ashurs @ca.sandia.gov

PROGRAM SCOPE

Turbulent combustion involves processes ranging from femtosecond chemical dynamics to
macroscopic flow phenomena. This project utilizes numerical simulation to study the interactions -
between the finest scales of fluid flow and physical and chemical effects that are simulated at the
atomistic or the continuum level. The atomistic simulations use Molecular Dynamics (MD) to
investigate the effects of atomic-level fluctuations on liquid atomization under diesel injection
conditions. The continuum simulations use Direct Numerical Simulation (DNS) and One-.
Dimensional Turbulence (ODT) to investigate continuum-level fluctuation effects (e.g., turbulent
eddies) at moderate and high turbulence intensity, respectively. The range of tools and of
regimes examined will allow the development of a model of liquid-fuel atomization in engines
that reflects the fundamental governing mechanisms, and accordingly, will provide needed
predictive capabilities. MD and ODT are also used to study fundamental interactions between
chemical kinetics and flow in gaseous combustion processes.

MD simulates the interactions of atoms or molecules as they move under the influence of an
interaction potential. The simple Lennard-Jones pair potential is used in this work. Chemical
reactions, wall effects, and global forcings (e.g., volumetric expansion) are incorporated into the
simulations to reflect the corresponding features of the multiphase and combustion phenomena of
interest.

DNS solves the 3D continuum equations of motion. For the atomization problem, an interface
subject to surface tension is incorporated.

ODT is a 1D model formulated as a fully resolved unsteady simulation representing the time
evolution-of velocity profiles and advected fluid properties along a 1D line of sight in a turbulent

-flow. In this formulation, viscous momentum transport, species molecular transport, and
chemical reactions evolve according to 1D equations of conventional form, as in 1D laminar
strained flame computations. Turbulent eddies are represented by instantaneous rearrangements
of property profiles on the 1D domain. The occurrence of these rearrangements is governed by a
statistical sampling procedure in which event likelihoods depend on local turbulence production
mechanisms (e.g., shear profile along the 1D domain). The rearrangement rules induce gradient
amplification and fluid overturns that simulate reacting flow phenomena such as the unsteady
evolution of multiple interacting flamelets.

RECENT PROGRESS

Atomization of a diesel fuel jet occurs over microsecond time scales and over sub-millimeter
distances. The liquid jet breakup may depend upon cavitation and involves creation of new liquid
surface area. Neither of these effects are well described by continuum models of fluid dynamics.



To obtain a direct numerical simulation of the atomization process, we have used the molecular
dynamics (MD) method which directly computes the atomic motion [1]. Instead of the complete
fuel jet breakup, we have simulated a much smaller homogeneous volume of liquid which
undergoes atomization during an applied rapid expansion. In the calculations, the liquid volume
is composed of 32,000 atoms, and it is expanding into a vacuum, with expansion time scales from
1 to 100 picoseconds.

It is found that the mean droplet size has a power-law dependence upon the initial expansion rate,
in agreement with two continuum models of fragmentation. Extrapolation of the MD results to
larger systems yields agreement with experimental results obtained with the free-jet expansion of
liquid helium (2], in which the largest drop contains 40 million atoms. This comparison must be
interpreted cautiously: the flow-induced strain rates created in the jet are more complex than the
uniform expansion rates used in the MD -simulations. An additional numerical factor of three
could enter into the comparison if the estimated axial strain rate before the jet orifice is used. To
provide more information, additional MD. simulations [3] which used various axisymmetric
expansions, instead of just the triaxial expansion described above, were done in order to more
closely duplicate the expanding jet configuration. The mean droplet size in these axisymmetric
cases was only a few percent larger than the symmetric-triaxial results. Thus, the axisymmetric
expansion of a liquid produces fragmentation which depends strongly on the volume expansion
rate, and only weakly on the composition of the expansion.

MD simulations using the Lennard-Jones energy potential have been compared with continuum
solutions of reaction and diffusion in a dilute gas [4]. The reaction model is a passive one in
which high energy bath atoms create a species, at dilute concentrations, which may have a very
fast consumption reaction. This construction emulates typical fast reaction pathways involved in
the fuel breakup in a hydrocarbon flame. Using the reaction rates and the diffusivities obtained
from the molecular simulations, it is found that a continuum solution can describe the reactive
atom density spatial distribution with good accuracy. Based on this agreement, it is possible to
estimate which reaction rates will produce negligible diffusive spreading, and hence, which
species might be assumed to be in chemical equilibrium in continuum reacting flow calculations.

The ODT methodology incorporates two features that capture the essential attributes of
turbulence-microscale interaction processes. First, rearrangement events modify shear profiles,
which in turn govern the occurrence of subsequent events. This two-way coupling induces
complex behaviors based on the simple rules of model. In particular, rearrangements occur in
sporadic bursts that obey the scaling laws of the inertial-range turbulent cascade. This is the
universal or generic characteristic of the model. Second, the conventional continuous-time
evolution of the 1D viscous advection-diffusion-reaction equations incorporates flow-specific
behaviors through the imposed initial and boundary conditions and body forcings (e.g.,
buoyancy). These flow-specific behaviors include transients, spatial inhomogeneities, and
energy-transfer processes that modify the cascade process in the simulations, much as in 3D
Navier-Stokes turbulence.

This formulation reproduces many of the known flow-specific as well as generic scaling laws of
turbulence [5]. Moreover, it reproduces remarkable large-scale structure induced by turbulence-
microphysics interactions. In particular, recent work simulated the spontaneous formation of
layered structure in a buoyant flow with an imposed stable salinity gradient, destabilized by
heating from below [6]. The layering is a result of the difference between the molecular
diffusivity of salt and heat in water. Fully resolved 3D simulation of the range of scales from thin
diffusive interfaces between layers to the largest turbulent eddies is unaffordable. Models that
involve spatial or temporal averaging cannot capture the physics driving structure formation.



ODT is unique in its capability to capture the relevant physics. The simulations demonstrated this
capability as well as clarifying the mechanistic origins of aspects of the layering process.

As a step toward simulation of turbulent jet diffusion flames, ODT simulations of two time-
developing planar free shear flows, the jet and the mixing layer, were compared to DNS results
[7]. The comparisons indicate that ODT captures the principal features of free shear flow
structure and energetics. Comparable performance has been demonstrated for homogeneous
turbulence, wall boundary layers, and buoyancy driven flows 5, 8].

The planar jet simulation has been generalized for application to turbulent jet diffusion flame
measurements at the Combustion Research Facility and other institutions involved in the
Turbulent Nonpremixed Flame (TNF) workshop series and research collaboration. Comparisons
of computed results to the mean evolution and fluctuation statistics of reactive species measured.
in turbulent diffusion flames are underway. Initial applications to H2-air and CH4-air flames
indicate that the model performs as well as the available alternatives, with less empiricism [9, 10].

Another recent application involved incorporation of a multistep thermonuclear reaction
mechanism into ODT in order to simulate a turbulent nuclear flame. The goal was to investigate
the possibility that a combination of strain, turbulent transport, and transient flame interactions
might induce thermal conditions allowing a transition to detonation, a possible mechanism for
supernova explosion. The computed results suggested that this scenario may not be consistent
with current estimates of conditions leading up to the explosion [11].

FUTURE DIRECTIONS

The MD fragmentation studies to date achieved a homogeneous strain rate by imposing periodic
boundaries that translate at a constant rate, with adjustment of the velocity of an atom crossing a
boundary to account for the spatial gradient in the imposed initial velocity. Alternatively,
fragmentation can be accomplished within a constant domain by incorporating a shrinking
molecular diameter along with an increasing potential well depth. Those atoms which remain
close to other atoms will remain in a liquid state, and those atoms which become isolated will be
in a gaseous state. This system will be simulated to determine whether the droplet distribution is
the same as found in the expanding system, an equivalence that is plausible but not guaranteed.

The results may motivate further fundamental study of the fragmentation process. In particular, it
is interesting to consider whether the transient evolution of the liquid state during fragmentation
can be approximated in some cases by a sequence of equilibrium states. As the evolving
equilibrium approaches a phase transition, enhanced fluctuations associated with the critical
properties of the phase transition may be anticipated. These enhanced fluctuations may be the
precursors of long-tailed fragment distributions. In fact, the enhanced fluctuations at criticality
may become frozen (a departure from the assumed equilibrium) because correlation times slow
down near criticality, causing the fluctuations to evolve more slowly than the time scale of the
'imposed expansion. Thus, the expansion would tend to trap the fluid in a critical state once
criticality is reached. This proposed scenario will be analyzed to determine whether numerical or
experimental tests can ascertain its validity.

A 3D continuum calculation of flow thfough a nozzle, followed by free jet expansion that
includes both liquid and gaseous phases, has been started. These calculations will indicate which
feature of the nozzle flow produces the strain rate that causes atomization.



An adaptation of the ODT approach will be developed to model liquid-jet breakup. This
formulation will complement the MD and DNS methodologies because it will be applicable to
larger system sizes than MD and higher injection rates than DNS. Use of three methodologies
will provide an overall picture of the contributions of atomic interactions, anisotropic strain, and
liquid-phase turbulence, respectively, to the atomization process.

ODT simulations will be performed in support of measurements planned in the new Turbulent
Combustion Laboratory in the Combustion Research Facility. Line Raman measurements will
provide 1D instantaneous species concentration profiles from turbulent diffusion flames. ODT is
unique among available models in its ability to predict any quantity derivable from line Raman.
It therefore allows the most thorough comparisons between model and measurement.
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The photoelectron photoion coincidence (PEPICO) technique is utilized to investigate the
dissociation dynamics and thermochemistry of energy selected medium to large organic molecular
ions. Extensive modeling of the dissociation rate constant using the RRKM theory or variational
transition state theory (VTST) is necessary in order to determine the dissociation limit of energy
selected ions. These are carried out with the aid of molecular orbital calculations of both the ions
and the transition states connecting the ion structure to its products. The result of these
investigations yield accurate heats of formation of ions.and free radicals.

The PEPICO Experiment

The photoelectron photoion coincidence (PEPICO) experiment in Chapel Hill is carried
out with a laboratory H, discharge light source. Threshold electrons are collected by passing
them through a set of small holes that descriminate against electrons with perpendicular velocity
components.  The electrons provide the start signal for measuring the ion time of flight
distribution. When ions dissociate in the microsecond time scale, their TOF distributions are
asymmetric. The dissociation rate constant can be extracted by modeling the asymmetric TOF
distribution.

Recent Results

A Photoelectron-Photoion Coincidence Study of the ICH;CN Ion Dissociation: The
Thermochemistry of 'CH,CN, *CH,CN, and ICH,CN

The dissociation energies and dissociation dynamics of iodoacetonitrile (ICH,CN) have been
investigated by the photoelectron photoion coincidence (PEPICO) spectroscopy technique. The
OK onsets for the following products were determined: "CH,CN + I' (12.188 + 0.005 eV) and
"CH,CN + 1" (12.345 +£ 0.010 eV). From the difference between these two values the ionization
energy of the ‘CH,CN was found to be 10.294 + 0.010 eV. By using a thermodynamic cycle that
involves the gas phase acidity of CH;CN, the electron affinity of the 'CH,CN radical, and an
accurate heat of formation of acetonitrile, a Ad°23(ICH,CN) of 172.5 + 4.0 kJ mol™ is derived.
This latter value is considerably higher than the best theoretical value of 153 kJ mol™.

The Dissociation Dynamics and Thermochemistry of Energy Selected CpCo(CO);" Ions

Photoelectron photoion coincidence (PEPICO) spectroscopy has been used to investigate the
dissociation dynamics of cobalt pentadienyl dicarbonyl CpCo(CO),". The dissociation proceeds
by the sequential loss of the two CO molecules. Both reactions proceed with no reverse
activation energies and are slow near their dissociation onset. The OK onset was determined by
modeling the measured dissociation rate constants with variational transition state theory to take
into account the varying location of the transition state with ion internal energy. The ionization
energy of CpCo(CO)," was measured from the threshold photoelectron spectrum to be 7.35 eV.



The neutral CpCo(CO)," gas phase heat of formation of -117+10 kJ/mol was determined from the
liquid value by measuring the heat of vaporization of 52.12+0.68 kJ/mol. The first Co-CO bond
energy in the CpCo(CO)," was found to be 1.5440.01 eV (148.8+1 kJ/mol) giving a gas phase
heat of formation of 752+10 kJ/mol for CpCoCO". The second Co-CO bond energy in CpCoCO"
was measured to be 1.49+0.01 eV (144.2+1 kJ/mol) resulting in a gas phase heat of formation of
CpCo” to be 1106+10 kJ/mol.

The interest in these compounds is that they have been used extensnvely as catalysts for a
variety of reactions important in biology and industry. Their effectiveness depends on several
factors of which the availability of metal sites that can participate in the chemical reaction is of
paramount importance. The metal site becomes available when one of the ligands leaves, a
process that is strongly affected by the metal ligand bond. In the case of cobalt cyclopentad1eny1
dicarbonyl, the two weakly bound ligands are the CO groups while the cyclopentadienyl group'is
strongly bound to the cobalt atom. The cobalt cyclopentadienyl dicarbonyl is the parent molecule
for a host of important catalysts used for a variety of organic reactions. Substation of
pentamethyl cyclopentadienyl for the cyclopentadienyl group is a common modification since it
has a strong +I effect resulting in stabilization of the metal orbitals. The carbonyl ligands can also
be replaced by ethylene, H,CCHSiMe;, etc. groups. These organometallic compounds have
recently been used to catalyze [2+2+2] cycloaddition of diynes, as well as for intramolecular
hydroacylation of vinyl silanes.

Of particular interest is the possibility to determine the neutral reaction by measuring the
ionization energy of CpCoCO. Heating the inlet system can generate this transient species, a fact
noted a number of years ago when these compounds were first investigated by mass spectrometry.
In addition, if the energy of the process:

CpCo(CO), + hv > Cp* + Co" +2 CO

can be measured, the heat of formation of the neutral organometallic complex can be determined
because the heats of formation of the products are all fairly well established. The onset for this
reaction is above the 14 eV available in the laboratory light source in our Chapel Hill laboratory.
It will be measured at the Advance Light Source chemical dynamics facility.

Pulsed Field Ionization — Photoelectron Photoelectron Photoion Coincidence (PFI-PEPICO)
Studies at the Advanced Light Source

A major advance in ion state selection was achieved at the chemical dynamics beam line of
the ALS when the high-resolution capability of pulsed field ionization was coupled with ion
coincidence measurements.  The standard threshold photoelectron photoion coincidence
(TPEPICO) technique is generally limited to 5-10 meV resolution. This resolution is only
possible when using synchrotron radiation operating in the few bunch mode so that the electrons
can be energy selected not only by their angular distributions, but by their time of flight as well.
Because all third generation synchrotrons have great difficulty in operating in the few bunch mode
because of low electron currents, 5 meV resolution cannot be practically achieved. The advance
that has made possible high-resolution PEPICO studies with multi-bunch mode synchrotron
radiation is based on two properties of the ALS light. First the 6.65 m monochromator can
achieve the very high resolution necessary to make PFI feasible. Secondly, the pulse structure of
the ring contains a 144 ns “dark” gap in which no light is generated. We have utilized this dark
gap to distinguish the direct electrons from the long-lived field ionized Rydberg states. The result
is a scheme that permits sub-meV resolution for ions such as CH,.



A number of hydrocarbon systems have been investigated, including CH,, C;H,, C,H;Br,
Cs;H,Cl, CsH;Br, and CsH;I. The dissociation limits for these ions were determined with a
precision of 1-5 meV. The dissociative photoionization onset for the reaction:

CH,+hv=> CH;  +H : AE =14.323 +0.001 eV

By combining this onset with the accurate measurement of the IE of CH;" that was measured by
Chen and White with PFI, we obtain an H-CHj; bond energy of 4.487 £ 0.001 eV.

The study of the propyk halides resulted in a new value for the heat of formation of the
C;H;' ion. Because the dissociation limits for halogen atom loss lie in the Franck-Condon gap,
the yield of threshold electrons generated by pulsed field ionization was found to be extremely
low. Nevertheless, the heat of formation of 2-CsH;" determined from the three molecules agreed
to within 2 kJ/mol. The average and now recommended value for this heat of formation is
825.0+1.5 kJ/mol (0 K) and 807.5£1.5 kJ/mol (298 K). This can be combined with the known
heats of formation of C;Hs and H' to yield a proton affinity of C3Hs of 742.3+1.5 kJ/mol (298
K). This new value, which is 9.3 kJ/mol lower than the recommended value of Hunter and Lias,
is in much better agreement with two theoretical values (744 kJ/mol) as well as the determination
of Szulejko and McMahon (746.4 kJ/mol).

The new value for the proton affinity is especially important because accurate heats of
formation of ions such as C;H;" are used to establish this scale through the reaction:

CsH¢ +H = C;H,

The relative proton affinities of nearly 1000 molecules are known. By anchoring the scale with
accurate values for some molecules, the whole scale is placed on an absolute basis. The
PA(C;Hg) is one of the key calibrating ions and its shift by nearly 10 kJ/mol as a result of our
study has a major impact on this scale.

Future Plans

In July, 2000 I will move to Berkeley in order to assume the position of Director of Long
Range Planning and User Relations at the Chemical Dynamics Beam line of the Advanced Light
Source. Some of the PEPICO work described here will continue at the ALS, but in addition, we
plan to initiate a number of new experiments such as the photoionization of liquid He droplets
with various molecules and/or free radicals dissolved in them. Another thrust will involve flame
diagnostics using the continuous vacuum ultraviolet radiation from the ALS. Finally, a number of
sophisticated imaging experiments will be developed to investigate the structure of new species
" such as CHs', and to measure the ionization spectrum of vibrationally excited molecules.
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